ABSTRACT bleasurements of microblal biomass and actlvity were carried out at 6 representative locatlons along a gradient of eutrophlcatlon In the Nordrugensche Bodden (southern Baltic Sea Germany) h4easurements in the water column revealed that turbid~ty, seston content and concentratlons of chlorophyll a and inorganic nutnents (ammonla nitnte, nitrate phosphate) increased from the outer to the inner parts of the Bodden whereas salin~ty decreased Investigations of sedlments conf~rmed this gradlent of eutrophlcatlon Whereas in the outer parts of the Bodden sandy sediments prevailed sandy mud and muddy s e d~m e n t s dominated towards the inner parts Generally, organic carbon and nltrogen, concentratlons of chlorophyll a and phospholip~ds (indicator of microbial biomass) oxygen consumption and hydrolytlc enzyme actlv~tles Increased wlth Increasing level of eutrophlcatlon At the relatively unpolluted locatlon in the outer parts of the Bodden proteolytic enzymes dominated at the sedlment surface In subsurface horlzons carbohydrate-decomposing enzymes galned more importance At the heavily polluted locatlons In the inner parts of the Bodden proteolytlc enzymes were even more Important Wlth increasing sediment depth enzyme actlvlties were greatly reduced h o w ever, and shlfts In the spectrum of hydrolytlc enzymes were less pronounced Among the blologlcal and chemlcal parameters, charactenstlc patterns of lnterrelatlonships became obvious whlch led to the conclus~on that microblal blomass and enzyme actlvlties in sediments of the outer and central parts of the Bodden are limited by organlc carbon The organic-nch sediments of the lnner parts of the Bodden however did not support furthe] increases In microbial biomass and decompos~tlon act~vltles Enzyme actlvltles are discussed In relatlon to the composition and degradablhty of substrates The enzymatic decomposltlon potential was measured by means of fluorogenlc model substrates Methodological investigations showed that the methylumbelllferyl substrates used reacted specifically enough to ]ustlfy the11 use In ecological studies Sedlments can be stored refngerated for over 2 mo without changes in the spectrum of hydrolytic enzymes
INTRODUCTION
The Nordriigensche Bodden, part of the Baltic coast of Mecklenburg-Vorpommern (Germany), conslsts of a chain of sheltered shallow water basins, some of which communicate only via small channels Whereas the outer parts of the Bodden are strongly Influenced by their connection with the Baltic Sea, the inner parts are mainly influenced by terrestrial sources. The Bodden acts as drainage for natural and anthropogenic inputs resulting from agricultural sources and sewage treatment plants. The Nordrugensche Bodden comprises the following main basins ( Fig. 1) : Libben, Rassower Strom, Breetzer Bodden, Breeger Bodden, GroRer Jasmunder Bodden and Kleiner Jasmunder Bodden, covering an area of 158.6 km2 with a water volume of 553.5 X 10" m3 (mean water depth 3.5 m; Lampe 7994). Due to the low ratio of water volume to sediment surface, the sediment is of great importance for the turnover of organic material. Besides the impact of eutrophication, the Bodden isFia. 1 Nordruaensche Bodden, showina locations sampled-1, Libben; 4 2, Rassower Strom; 3, Breetzer Bodden; 4 , Breeger Bodden Jasmunder Bodden; 6, Kleiner Jasmunder Bodden strongly influenced by hydrographical conditions, such a s exchange with the Baltic Sea, river discharge, wind and temperature. In the past, microbiological studies in the Nordrugensche Bodden concentrated on measurements of physico-chemical parameters, inorganic nutrients, primary production and aspects of the nitrogen cycle. Since the Bodden was a prohibited area in the former German Democratic Republic (GDR), only a selection of the data could be published. Other data were summarized in the form of unofficial or official reports with limited availability. Hubel (1969) investigated primary production as related to gradients of nutrients a n d salinity in the Bodden. Hubel showed that with increasing nutrient contents and decreasing salinity, phytoplankton primary production greatly increased from the outer to the inner parts of the Bodden. For more than 25 yr, salinity, temperature, primary production and concentrations of inorganic nutrients were measured at representative locations in the Nordrugensche Bodden (Hubel 1984) . Intensive studies were carried out with regard to aspects of the nitrogen cycle: fixation of nitrogen by autotrophic and heterotrophic microorganisms (summary in Hubel 1984) , and denitrification (Dahlke 1990 ). Investigations of the metabolism of the Bodden basins revealed that these are highly dynamic systems dominated by metabolic processes in the sediments and strongly influenced by hydrographical conditions (Dahlke & Hubel 1994) . For the Kleiner Jasmunder Bodden, the innermost part of the Nordrugensche Bodden chain, measurements of the microbial metabolism were compared to earlier data to assess the degree of eutrophication and to discuss possibilities for the restoration of this heavily polluted area (Dahlke & Hubel 1996) . This is of special importance as water exchange occurs only via a small connection with the GroBer Jasmunder Bodden.
In the present study physico-chemical, chemical and microbiological parameters were determined at 6 representative locations along the gradient of salinity and eutrophication in the Nordrugensche Bodden, The aim of the study was to identify interrelationships between microbiological and chemical parameters as characteristics of the individual locations.
MATERIALS AND METHODS
Sampling. In the Nordrugensche Bodden water and sediment samples were withdrawn at 6 stations (Libben, Rassower Strom, Breetzer Bodden, Breeger Bodden, GroCer and Kleiner Jasmunder Bodden) located on a west-east profile from the outer part to the inner part of the Bodden (Fig. 1) . Sampling was carried out in January, March and May 1994; additional samples restricted to characteristic locations were taken in September and October 1994, and in March and June 1995. Prior to sampling, salinity, temperature (Microprocessor conductivity meter LF 196 with integrated temperature sensor, WissenschaftlicheTechnische Werkstatten GmbH), and Secchi depth were measured. During sampling, no stratification could be detected in the water column. Water samples were taken 1 m below the surface using a sterile water sampler. Undisturbed sediment samples with overlying water were withdrawn using a multiple corer (Barnett et al. 1984 ) modified for application to shallow waters (H. J. Black pers. comm.). Samples were kept at in situ temperature and processed in the laboratory within 3 h after sampling.
Biological and chemical measurements. In the water column, seston, chlorophyll a, and inorganic nutrients (ammonia, nitrate, nitrite, phosphate) were analysed according to standard procedures (Grasshoff et al. 1983 , HELCOM 1988 . From the sediments, the 0-1 cm horizon was separated. In samples withdrawn in June 1995, 2 sediment horizons (0-1 and 9-10 cm) were analysed. The material from the corresponding horizons of 3 sediment cores was combined, carefully mixed, and various biological and chemical parameters were determined in the slurry. Water content of sediments was determined after drying at 60°C for 48 h. For determination of organic carbon and nitrogen concentrations, dried, homogenized and preweighed sediments were exposed for 48 h to concentrated HC1 vapour and subsequently treated with 1 or 2 drops of concentrated HCl to remove inorganic carbon. Sediments were dried again, and concentrations of organic carbon and nitrogen were determined using a PerkinElmer CHN-240C-analyser (Verardo et al. 1990 . Koster 1992 . Phospholipids were measured spectrophotometrically according to Findlay et al. (1989) . For the determination of benthic oxygen consumption, the overlying water of enclosed sediment cores (3 replicates) was sampled in time course experiments and analysed for oxygen concentration by the Winkler method (Grasshoff et al. 1983) . Before sampling, the overlying water was stirred with a glass spatula to avoid concentration gradients.
Enzymatic activities. For determination of enzyme activities in sediments, fluorescence labelled model substrates were used. Fluorescein diacetate (FDA) is hydrolysed unspecifically by esterases. To determine the spectrum of hydrolytic enzymes, the following methylumbelliferyl substrates (MUF derivatives) were used: MUF-phosphate, MUF-sulfate, MUF-a-D-glucoside, MUF-P-D-glucoside, MUF-N-acetyl-P-D-glucosaminide, and MCA-leucine (L-leucine-4-methylcoumarinyl-?-amid HCl). For enzyme assays, 5 cm3 of sediment were diluted 1:20 with phosphate buffer (1 part of 0.067 M KH,PO, and 15.6 parts of 0.084 M Na2HP0,; pH 7.8). Sediment slurries for the phosphatase assay were prepared with sterile filtered bottom water. Aliquots (2 ml) of the slurry were pipetted into Eppendoi-f caps (water bath, 37"C), and the reaction was started by adding the substrates at saturation level (final concentration of FDA and MUF derivatives was 100 FM). Enzyme assays were run in duplicate; for substrates hydrolysed at low rates, triplicate assays were performed. After 10,20,30, 40, 50 and 60 min, 40 p1 of the slurry was removed and transferred to 1 m1 of buffer (pH 7.8 and 10 for samples treated with FDA and MUF derivatives, respectively) in an ice bath. Samples were centrifuged at 5870 X g for 8 min at O°C and analysed spectrofluorometrically (Kontron SFM 25). FDA samples were examined at 370 nm excitation and 410 nm emission, MUF samples at 365 nm excitation and 445 nm emission wavelength against standards of fluorescein and methylumbelliferone, respectively. As the excitation a n d emission characteristics of the fluorochromes MUF and MCA are similar, MUF and MCA samples were treated in the same manner. Enzyme activity rates were calculated from the linear part of time-dependent activity curves. Correlation coefficients were significant at 95% confidence level or higher.
Methodological investigations. In laboratory experiments, the influence of different methods of sediment storage, the specificity of hydrolysis of the model substrates, and effects of pH and temperature on the stability of the model substrates and the corresponding fluorescent dyes were investigated.
For experiments on the influence of storage, aliquots of mixed sediments (Rassower Strom, 0-1 cm horizon) were either stored a t 2"C, or frozen a t -20°C, or freeze dried (LYOVAC GT2). After various times the aliquots were removed and analysed as described above.
The specificity of hydrolysis of the model substrates was investigated by adding the following commercially available enzymes to FDA and MUF derivatives: protease (Type XIV: from Streptomyces gnseus), leucine-aminopeptidase (Type 111-CP: from porcine kidney), N-acetylglucosaminidase A and B (from bovine epididyrnis), a-and P-glucosidase (from Bacillus stearothermophilus and from almonds, respectively), phosphatase (Type X: from sweet potato) and sulfatase (Type VI: from Aerobacter aerogenes). All enzymes were purchased from Sigma Company.
The influence of pH was examined by adding FDA and MUF derivatives and the corresponding dyes (fluorescein and methylumbelliferone, respectively) to buffer solutions of pH ranging between 1 and 14. Thermal stability of substrates was investigated at 37°C. Enzyme assays were run as described above.
RESULTS

Methodological investigations
Effect of storage Variations in selected hydrolytic enzymes (leucineaminopeptidase, N-acetylglucosaminidase, a-and Pglucosidase, phosphatase, and sulfatase) were especially pronounced during the initial time of storage (Fig. 2) . In both freeze-dried and frozen sediment sam-hydrolytic enzymes were lowest. For all 3 preservation remained remarkably constant during the storage period of 2 mo. Generally, variations in specific hydrolytic enzymes were much more pronounced in comparison to general activities of esterases (cleavage of FDA). In frozen and refrigerated sediment samples, variations in selected hydrolytic enzymes were paralleled by variations in esterase activities. However, in freeze-dried samples a short-term enhancement of activity of selected hydrolytic enzymes was not observed.
Specificity of hydrolysis of model substrates MUF substrates were hydrolysed quite specifically by commercially available enzymes (protease, leucineaminopeptidase, N-acetylglucosaminidase A and B, W.-and P-glucosidase, phosphatase, sulfatase). Only MUF-phosphate and MUF-N-acetyl-0-D-glucosaminide showed weak unspecific reactions with sulfatase. Whereas the MUF derivatives were quite specifically cleaved by the corresponding enzymes, the model substrate FDA was unspecifically hydrolysed by all enzymes applied (Table 1) . During incubation (1 h, 37°C) no spontaneous hydrolysis of the model substrates was observed.
Effect of pH ples, the most striking observation was the increase in activity during the initial phase of storage. In sediEnzymatic reactions and fluorescence measurements kept at 2OC, variations in activities in selected ments require distinct pH values for optimal reaction of 
enzymes and stability of model substrates. FDA was stable in the pH range from 1 to 7.8. Higher pH values led to a drastic increase in relative fluorescence due to chemical hydrolysis. Compared to FDA, MUF derivatives were stable over a broader pH range (from 1 to 12). At pH values above 12, the fluorescence decreased rapidly. The autofluorescence of the substrate solutions was less than 1 % as compared to the fluorescence measured in the samples. Stock solutions of FDA and MUF derivatives (5 mM) which were frozen at -20°C for 6 mo showed a slightly higher autofluorescence (data not shown). Maximum fluorescence intensity of the dyes fluorescein and methylumbelliferone was reached at pH values above 7.8 and 9.0, respectively. A shift to lower pH values led to a drastic reduction of relative fluorescence of the dyes. Therefore, measurements are optimal in buffer solutions of pH 7.8 and 10, respectively (see 'Materials and methods').
Ecological observations
Physico-chemical a n d chemical parameters in the water above the sediments revealed pronounced gradients throughout the Bodden. In general, temperature, concentrations of seston, chlorophyll a and inorganic nutrients (ammonia, nitrite, nitrate, phosphate) increased, whereas salinity and Secchi depth decreased from the outer part (Libben] to the inner part (Kleiner Jasmunder Bodden) of the Bodden. The data are summarized in Table 2 .
Salinity ranged between 8.4 and 12.2%0 in the outer part (Libben) and between 4.4 and 5.4%0 in the inner part (Kleiner Jasmunder Bodden) of the Bodden. Changes in temperature followed the seasonal cycle. Secchi depth was between 1.4 and 3.8 m in the outer part, and less than 0.7 m in the inner part of the Bodden. The seston content varied between 7 and 20 mg 1-' in the outer part, and between 32 and 84 mg 1-' in the inner part of the Bodden. Concentrations of chlorophyll a were lowest at the Libben station (between 1 and 3 pg 1-') and highest at the Kleiner Jasmunder Bodden (between 73 and 149 pg 1-l). Concentrations of inorganic nutrients (ammonia, nitrite, nitrate, phosphate) were highest in winter and early spring and decreased towards summer and autumn ( Table 2) . As an example of increasing eutrophication along the Bodden, concentration gradients measured in the water column in March 1994 are illustrated in Fig. 3 . The gradient of eutrophication from the outer to the Inner parts of the Bodden was especially pronounced in sediments (Table 3 ). Concentrations measured in March 1994 are illustrated in Fig. 4 . In the outer part of the Bodden, sandy sediments prevailed (Libben, water content 17 to 24%), whereas muddy sand and sandy mud sediments dominated towards the inner LI RS BRZ BRG GJB KJB Fig. 3 . Temperature, salinity, Secchi depth and concentrations of seston, chlorophyll a, and lnorganlc nutrients in the water column along a gradient of eutroph~cation in the Nordrugensche Bodden (March 1994 Fig. 4 ). Oxygen consumption rates varied between 14 and 65 mm01 m-' d-' along the transect (Table 3) . Concentrations of organic carbon in surface sediments (0-1 cm) were lowest at Libben (0.1 %) and increased towards the inner parts of the Bodden (Rassower Strom, Breetzer and Breeger Bodden: 0.4 to 2.5%). Maximum concentrations of organic carbon were reached at the Grol3er and Kleiner Jasmunder Bodden (7.4 to 12.7% and 8.8 to 15.1%, respectively). Generally, a slight Increase in the ratio of carbon to nitrogen was observed along the transect (Table 3 ) .
In general, chlorophyll a concentrations were highest in surface sediments (0-1 cm) of the Rassower Strom and Breetzer Bodden (6 to 25 pg cm-3) and decreased drastically towards the light-limited sediments of the GroBer and Kleiner Jasmunder Bodden (2 to 13 pg cm-3). Relatively high concentrations of chlorophyll a (26 pg cm-3) measured in sediments from the Grol3er Jasmunder Bodden in October 1994 might have been caused by inhomogeneity of the sample (note high standard deviation; Table 3 ). Concentrations of phospholipids as a biomarker for microbial biomass ranged between 19 and 219 nmol and revealed peaks at the Rassower Strom and Kleiner Jasmunder Bodden. Occasionally, relatively high values also appeared at the Breetzer Bodden station (Table 3) . Based on the conversion factor given by Findlay et al. (1989) this means that living biomass represents only a few percent (between 1 and 8 % ) of the total organic pool. These data were comparable to findings of Meyer-Reil (1993) .
Parallel with increasing organic matter content and microbial biomass along the transect, enzymatic decomposition activities (FDA hydrolysis) in surface sediments increased from 49-92 nmol cm-"-' at the Libben station to 340-710 nmol cm-3 h -' at the Grofier Jasmunder Bodden. Generally, hlghest degradation rates were measured at the Kleiner Jasmunder Bodden (419 to 710 nmol cm-"-'; Fig. 4 ). An exception were the samples measured in October 1994, when enzymatic activities were lower (by a factor of 2) than activities of sedi m e n t~ from the GroBer Jasmunder Bodden. Relatively high enzymatic degradation rates were measured in January and September 1994 in sedirnents from the Rassower Strom station which were muddy sand sediments with a water content of up to 68%) (Table 3) .
At 2 characteristic locations in the outer and inner part of the Bodden (Rassower Strom and Kleiner Jasmunder Bodden, respectively), the pool of esterases (FDA hydrolysis) and the spectrum of selected enzymes were analysed in surface (0-1 cm) and subsurface (9-10 cm) horizons. In the muddy sand sediments at the Rassower Strom station, concentrations of organic carbon in both horizons were about 1 % with a C:N ratio of 9.5. Muddy sediments from the Kleiner Jasmunder Bodden had concentrations of 12 and 5 % C in surface and subsurface horizons, respectively, with a C:N ratio of 9.5 and 12.0, respectively (data not shown).
As shown in Fig. 5 , proteolytic decomposition activities prevailed in surface sediments (0-1 cm) from the Rassower Strom station, followed by activities of P-and a-glucosidases. Sulfatase, phosphatase and N-acetylglucosaminidase contributed far less to the pool of hydrolytic enzymes. In deeper sediment horizons (9-10 cm), a pronounced shift in the spectrum of hydrolytic enzymes activities occurred: aminopeptidase activities decreased by a factor of 4 , cc-glucosidase by a factor of l?, sulfatase and phosphatase by a factor of 8. Whereas the activities of P-glucosidase remained almost constant, activities of N-acetyl-glucosaminidase drastically increased by a factor of 9. In muddy surface sediments of the Grofier and Kleiner Jasmunder Bodden activities of aminopeptidases dominated; carbohydrate-decomposing enzymes, sulfatase and phosphatase were far less important compared to surface sediments of the Rassower Strom station. In the 9-10 cm sediment horizons, the enzyme activities were generally reduced. However, the extent of reduction differed at both locations (Grofier Jasmunder Bodden: factor 11 to 30; Kleiner Jasmunder Bodden: factor 2 to 5; Fig. 5 ) .
DISCUSSION
The methodological investigations revealed that measurements of enzymatic activities by means of fluorescent-labelled model substrates require distinct pH ranges. This applies to the stability of the model substrates as well as to the optimum sensitivity of the 1991 , Ohman 1996 ; however, almost nothing is known about methods appropriate to the preservation of sediments for later enzymatic analyses. As shown, enzyme activities are strongly affected by mode and duration of storage. Highest variations occurred during the initial period of storage. This applies especially to samples frozen at -20:C and freeze-dried sediments. It is well known that freezing and thawing processes alter the physical and chemical structure of sediments a s well as the composition of pore water. The formation of ice crystals leads to mechanical damage to organisms causing the release of cell constituents including intracellular enzymes. The critical step of freezing is also required if samples are stored by freeze-drying. Chrost & Velimirov (1991) concluded from their investigations that water samples frozen at -20°C cannot be used for later estimation of enzyme activity. However. Christian & Karl (1995) stated that preservation of sea water by freezing is feasible for later enzyme analyses. Several authors found that enzymes are still active at -20°C (e.g. Scopes 1994 cited in Ohman 1996), thus continuously altering quality and quantity of organic matter.
Best results in respect to sample storage were obtained by refrigeration of sediments at 2'C. Generally, the pool of hydrolytic enzymes and the spectrum of selected enzymes investigated revealed lowest variations a s compared to preservation by freezing and freeze-drying. Comparable results were reported by Federle & White (1982) , who found a decrease in lipid phosphate but no change in fatty acids in refrigerated sediments. In frozen sediments, however, a drastic decline in lipid phosphate and a significant decrease in many fatty acids was measured. If samples cannot be analysed immediately after sampling, which is preferable, as an acceptable compromise, it is suggested that the sediments should be stored refrigerated for a few days prior to analysis of enzyme activities. It has to be considered, however, that different types of sediments with different benthic colonization may react differently to preservation.
The study showed that the Bodden is characterized by pronounced gradients of chemical and biological parameters. Salinity and Secchi depth decreased, whereas seston and organic matter content, nutrient concentrations, microbial biomass and enzyme activities generally increased from the outer to the inner parts following increasing eutrophication. Corresponding observations were reported by Dahlke (1990) and Dahlke & Hubel(1994) for the Nordrugensche Bodden, and by Nausch & Schlungbaum (1991) for the DarnZingster Bodden (western part of the Baltic coast of Mecklenburg-Vorpommern). The Bodden may be regarded as a model system for the study of interactions between chemical and biological parameters along gradients of salinity and eutrophication.
By analysing various chemical and biological parameters, characteristic patterns of interrelationships in sediments with different levels of eutrophication became obvious (Fig. 6 ) . Sandy sediments from the outer part of the Nordriigensche Bodden (Libben), where water exchange with the Baltic Sea is strong, were characterized by low organic matter content together with low microbial biomass and decomposition potential. In muddy sand sediments of the central parts of the Bodden (Rassower Strom, Breetzer and Breeger Bodden), microbial biomass and degradation activities increased in parallel with the organic cal-bon content. Muddy sediments from the Grofier and Kleiner Jasmunder Bodden revealed a further lncrease in microbial biomass, decomposition potential and organic carbon. However, the pronounced increase in organic carbon was not paralleled by corresponding increases in microbial biomass a n d decomposition activities.
These observations lead to the conclusion that the development of microbial biomass and decomposition activity in sediments of the outer and central parts of the Nordrugensche Bod.den is limited by organic carbon concentrations (range 0.1 to 2.5% C ) . The organic-rich sediments of the inner parts of the Bodden (range 7.4 to 15.1 C ) , however, did not support a corresponding increase in microbial biomass and activity. As possible limiting factors, the availability of organic carbon and/or oxygen for microbial metabolism a s well as physicochemical characteristics of the muddy sediments (grain size, availability of surfaces for microbial colonization) have to be considered. Corresponding observations were reported by Meyer-Reil (1993) , who found that higher microbial biomass was supported in sandy mud than in muddy sediments in the Kiel Bight.
Comparable relationships were found in previous investigations of sediments from the Rassower Strom station. Black et al. (1995) showed for 20 stations with different sediment properties that microbial biomass and activity were directly related to carbon concentrations up to 2%. At the higher concentrations found in muddy sediments, relationships became less significant. In sediments from an intertidal mudflut, Mayer (1989) found no close relationship between proteolytic activities and either microbial number or biochemical compounds [protein, chlorophyll, pheophyt~n) . In the water column of marine and freshwater environments, however, interrelationships between bacterial biomass, secondary production and enzymatic activity have been shown in several studies (e.g. Karner et al. 1992 , Rath et al. 1993 . In investigations by Nedoma et al. (1994) TOC [%l were closely correlated with microbial parameters (number of active bacteria, N-acetylglucosamine incorporation). Differences in relationships between enzymatic activities and microbial parameters reported in the literature may be explained by the specific properties of the individual environments investigated. Studies relating measurements of enzymatic activities to eutrophication are scarce. In the supralittoral zone of the coast of Japan, Kondrat'eva & Pavlyushina (1991) reported highest activities in areas with high anthropogenic loads near ports, fish and wood industry. Kuhbier et al. (1995) characterized different eutrophicated zones (industrial inputs) of a stream by determining activity of esterases and number of saprophytes, indicating the degree of organic pollution caused by diffusive and distinct inputs of organic material. Esterase activity and number of saprophytes were significantly correlated. Along a trophic gradient in the northern Adriatic Sea. Karner et al. (1992) observed positive trends in bacterial secondary production and leucine-aminopeptidase activity in the water column while a-glucosidase did not exhibit such a clear trend. In water samples taken at different trophic sites along the Atlantic Barrier Reef off Belize (Central America) Rath et al. (1993) also measured distinct differences in bacterial biomass and production as well as in the activity of certain enzymes: cc-and P-glucosidase increased from the oligotrophic to the eutrophic sites while leucine-aminopeptidase was inversely correlated with the trophic status of the environment. Relationships between microbial parameters and the degree of eutrophication correspond to findings of the present study, where organic carbon, microbial biomass and enzymatic activities in surface sediments generally increased along the gradient of eutrophication from the outer to the inner parts of the Nordriigensche Bodden.
In very few studies have the activities of specific hydrolytic enzymes been followed as a reflection of the composition and degradability of inorganic and 0rgani.c material altered by biological processes. Sln-sabaugh & Linkins (1990) noted that the activities of carbohydrate and lignin-degrading enzymes measured on benthic particulate organic matter from a boreal river were significantly correlated with concentrations of carbohydrates and lignin. Frerlund et al. (1995) measured esterase activity and chemical composition of activated sludge-flocs in treatment plants. The authors found that esterase activity in the sludge increased with an increased content of humic compounds. Esterase activity and protein concentration were not correlated. Variations of specific enzymes present in sludge-flocs at different waste-water treatment plants were explained by differences in the substrate composition (Nybroe et al. 1992) . From a limited number of investigations in marine and limnic environments it can be concluded that spatial and temporal variations of enzymatic activities may reflect changes in nutrient supply (Chrost & Rai 1993 , Boetius & Lochte 1994 , Vetter & Deming 1994 and/or changes in the composition of the microbial population (Martinez et al. 1996) .
The ratio of P-glucosidase to a-glucosidase was used as a n indicator of the quality of organic material (Herndl 1992) ; a low ratio points to easily degradable material, a high ratio to refractory material. Nedoma et al. (1994) measured the activity of N-acetylglucosaminidase and P-glucosidase in various freshwater environments. The authors related differences in the ratios of both enzymes to the allailability of substrates. Boetius (1995) assumed that differences in the spectrum of hydrolytic enzymes measured in different environments (deep-sea sediments, intertidal sediments and fjord water) were caused by different availabilities of organic substrates.
The present study reveals that at the relatively unpolluted location of the outer part of the Nordriigensche Bodden, protein decomposing enzymes prevailed a t the sediment surface; in deeper sediments the activities of carbohydrate decomposing enzymes (Pglucosidases, N-acetylglucosaminidases) dominated. This certainly points to a shift in the spectrum of organic con~pounds available for microbial metabolism. It may be expected that the largest variety of decomposable organic compounds exists at the sediment surface. This situation is reflected by the broad spectrum of hydrolytic enzymes. With increasing sediment depth, quantity and quality of deconlposable organic material is reduced; the material becomes more and more resistant to microbial attack. As shown, the decomposition of structural polysaccharides dominated in subsurface horizons. In parallel, the ratio of Pglucosidases to a-glucosidases drastically increased as an indication of reduction in the quality of decomposable organic material (Herndl 1992) . At the polluted locations in the inner parts of the Bodden, proteolytic enzymes were even more important as compared to the less-polluted location in the outer part of the Bodden. With increasing sediment depth, enzyme activities were generally greatly reduced. However. shifts in the spectrum of enzyme activities were far less pronounced. Thus, although the decomposable material was reduced in quantity, it did not change much in quality with increasing sediment depth. It should be considered that, in contrast to the sandy sediments, anaerobic conditions prevailed in these muddy sedim e n t~.
Variat~ons in the activities of hydrolytic enzymes reflect variations in the composition and degradability of inorganic and organic material. However, the relevant processes are only poorly understood. Experiments have shown that enzymatic activities are stimulated as a response to nutrient enrichment in sediments (Koster et al. 1991 , Boetius & Lochte 1994 . The immediate response implies that microorganisms play a dominant role in the enzymatic decomposition of substrates (Meyer-Reil & Koster 1992) . This may b e by stimulation of enzymes already present or by production of new enzymes.
Not very much is known about the origin, location and fate of enzymes in sediments. The pool of enzymes in sediments comprises enzymes of different origin: those secreted by cells and those liberated by the l y s~s of cells. What is the contribution of each enzyme 'group' to the hydrolysis of substrates? It is well known that the bulk of enzymatic activity in sediments is bound to particles or cell surfaces; the activity of free dissolved enzymes in the pore water is usually very low (Boon 1989 , Meyer-Reil 1991 . As far as cellassociated enzymes a r e concerned, one precondition for organic matter decomposition is the colonization of the particles by microbes. For the hydrolysis processes, a close connection between microbes and substrates is necessary. However, not very much is known about the fate of the enzymes, especially those which are bound to particles or entrapped in the organic matrix of sediment particles. As shown by B.urns (19781, enzymes liberated from cells may retain their activities by adsorption to clay particles and humic acids. However, the question arises. how long do these enzymes retain their activities?
Only if enzyme activities decrease with decreasing substrate concentrations can a direct relationship between concentration and decomposition of substrates be expected. Measurements of enzyme activities by means of fluorogenic model substrates are relatively easy to perform. Holvever, the information gained is difficult to interpret. It has to be considered that the spectrum of hydrolytic enzymes measured represents a n arbitrary choice of the pool of enzymes naturally present. Further progress can only be 
